Abstract-Numerical simulation of passive microwave remote sensing of ocean surfaces has a strict requirement of accuracy. This is because the key output of the simulations is the difference of brightness temperature between a rough surface and a flat surface. Since the difference can be as small as 0.5 K, it is important to simulate the scattering and emission accurately. In this paper, we perform accurate simulations of transverse electric (TE) and transverse magnetic (TM) waves for ocean surfaces with relative permittivity = 28 9541 + 36 8430 at 19 GHz.
I. INTRODUCTION
P ASSIVE microwave remote sensing of ocean has important applications in retrieval of ocean parameters [1] - [6] . In the past, analytical methods such as the small perturbation method (SPM) have been applied to calculate the brightness temperature of the ocean [1] , [3] , [6] . Analytic theory indicates that the fine scale structures of less than a wavelength have a large influence on the ocean brightness temperature.
Recently, with the advent of modern computers, numerical simulations for rough surface scattering have been performed. Most of the ocean surface simulations are concerned with radar active remote sensing [8] - [11] . There is less work on simulations for passive remote sensing. One reason is that passive remote sensing requires much more accuracy than active remote sensing. In active remote sensing, the scattering is measured in decibel scale. For passive remote sensing, the major output is the difference of emissivity or brightness temperature between a rough ocean surface and a flat ocean surface. The difference in emission can be as small as 0.0018 or a brightness temperature of 0.5 K using a physical temperature of 283 K. Such a strict demand of accuracy is not needed for active remote sensing. For example, numerical simulations can give good results in active remote sensing in dB scale and give poor results in passive remote sensing, because energy conservation is not obeyed well in the simulations. Thus, the numerical simulation method and approximations that are applied to active remote sensing may not be suitable for passive remote sensing because of the large difference in accuracy requirements. Another difficulty for ocean surfaces is that the relative permittivity can be as high as at 19 GHz [12] . For lossy dielectric rough surfaces with high permittivity, there can be rapid spatial variations of the dielectric medium Green's function and surface fields. This requires dense sampling to discretize the surface while applying the method of moments (MOM) to rough surface scattering problem. In the paper by Johnson et al. [4] , the brightness temperatures for relatively smooth profile and incident wave at nadir were calculated. For example, the maximum value of , which corresponds to the high-frequency part of the ocean spectrum, was set at 403 rads/m. As becomes larger, the root mean square (rms) slope of rough surfaces will increase, because the fine scale structures have larger rms slope. More number of points per wavelength is required for some fine scale structures. Accurate near field integration to calculate impedance matrix elements is also necessary to satisfy the accuracy requirement. In the paper, We present accurate numerical results of ocean microwave emission. We give explicit equations for numerical integration to obtain impedance matrix elements for the dual integral equations and for impedance boundary conditions. We explore the accuracy for different situations. We use up to 6000 rads/m at an incident angle of 50 . The energy conservation check is to within a relative error of 0.001 for both transverse electric (TE) and transverse magnetic (TM) waves, which corresponds to 0.3 K in brightness temperature. Simulations are based on a fine discretization of 40-80 points per wavelength. Near-field integrations are also performed. We also make comparisons of the results with the impedance boundary condition, which is a popular approximation method in active remote sensing [10] . Accuracy of numerical simulations is indicated by the , which is the difference between a rough surface and a flat surface. Many algorithms for fast solutions have been proposed (the sparse-matrix canonical grid method [SMCG] [13] , [14] , the physicalbased two-grid method [PBTG] [15] , [16] , and the fast multipole method [FMM] [17] ). Analytical methods can also be used 0196-2892/01$10.00 © 2001 IEEE such as the small perturbation method [20] . These are not used in this paper, because the goal of the paper is to solve Maxwell equations exactly and calculate emissivity to within a relative error of 0.001 in energy conservation.
II. METHOD OF MOMENTS (MOM) WITH NUMERICAL INTEGRATION FOR IMPEDANCE MATRIX ELEMENTS
Consider a tapered plane wave, , impinging upon a one-dimensional (1-D) rough surface with a random height profile . The incident wave is (1) where (2) is incident angle, is the wave-number of the free space, and is the parameter that can be changed to control the tapering of the incident wave.
For the two-media problem, we have TE or TM waves impinging upon a dielectric media (Fig. 1 ). Let and denote the wave functions for the upper medium and lower medium, respectively. For the TE case, , and . For the TM case, , and . They satisfy the following dual surface integral equations [18] :
where denotes a principle value of integral and and are the two-dimensional (2-D) Green's functions of the upper and lower medium, which are given by and . is the zeroth order Hankel function of the first kind, and is the wavenumber of the lower medium. The boundary condition on the surface give and , where for the TE case for the TM case.
By using the MOM with pulse basis functions and point matching, the integral equations are discretized and given as (6) where (8) For (9) (10)
where the kernels are
(15)
For self-patch terms,
in which
(23)
III. INTEGRAL EQUATION FORMULATION USING IMPEDANCE BOUNDARY CONDITIONS
The impedance boundary condition is a common approximation to the two media problem when the lower medium is lossy. Its approximation is similar to that of the transmission line concept in which the voltage is equal to the product of the impedance and the current. In terms of wave reflection by a lossy medium, the impedance boundary condition is (26) where tangential electric field vector; surface electric current; wave impedance of the lower medium. The surface integral equation is (27) where is the principal value integral.
For TE waves, represents electric field and the surface integral equation (27) is an electric field integral equation (EFIE), while for TM waves, represents magnetic field and it is a magnetic field integral equation (MFIE). We next derive a relation between and using impedance boundary conditions. For TM case, taking the cross product of both sides of (26) with the normal vector, we have (28) where is the surface magnetic current. Thus, the boundary condition becomes (29) and the surface integral equation becomes
The surface unknown is . For TE case, the impedance boundary condition in terms of the wave function becomes 
, , and are defined in Section II, and matrix elements are computed accurately by using numerical integration.
Using the impedance boundary condition, the emissions of flat dielectric surfaces for TE and TM incident waves are given as for TE waves
for TM waves
where 
In passive remote sensing, the brightness temperature of the medium is measured at incident angle . The brightness temperature is equal to (45) where emissivity is equal to , and is the physical temperature of the medium in K.
V. ROUGH SURFACE PROFILES AND GENERATION
In the simulation, we use three models of random rough surfaces to demonstrate the accuracy problem in passive remote sensing. The models are the following.
1) It is assumed that the ocean surface is a Gaussian process with spectrum given below. The small-scale wind-induced surfaces are described by an empirical sea surface spectrum proposed by Durden and Vesecky [7] . We used a 1-D analog of a 2-D spectrum. In the 1-D spectrum
.
Parameters used are the same as referred in [1] , [3] , and [7] . We use the magnitude parameter and wind speed m/s. The spectrum is further bandlimited between and , which control ocean surface rms height and variance of slope that are appropriate in microwave emission problems.
2) The random rough surface is generated by using Gaussian process with a Gaussian spectrum, which is given as (48) where is the rms height, and is correlation length. (49) is not a Gaussian process. Ocean surface is usually assumed to be a Gaussian process with power law spectrum. It has not been rigorously verified that the ocean surface is a Gaussian process. The fractal model is a non-Gaussian process. Comparing profiles generated by three models, it can be found that the fractal surface is spikier. It has more fine scale structures [20] , [21] .
VI. NUMERICAL RESULTS AND DISCUSSION
The important result to compare is rough surface flat surface
We also carry out numerical energy conservation by calculating and using (41) and (42) and see whether is equal to unity. The dielectric constant of is assumed in this work. Frequency 19 GHz and viewing angle 50 are used, and physical temperature is 283 K. Table I presents the emissivity for both TE and TM waves with various surface lengths. Based on the energy conservation check, a surface length of 8 wavelengths is not large enough to give correct results. A surface length of 20 wavelengths is used in all subsequent simulations. The tapering parameter of the incident wave is chosen as . To demonstrate the significance of performing a rigorous near-field integration, sample results are presented in Table II that illustrate a large improvement in the TM case when integration is considered. For Dirichlet problem, the kernel is , while for the Neumann problem, the kernel is , which is more singular. The TM case is dominated by the Neumann kernel, so that numerical integration is more important. During calculating the matrix elements, numerical integration is performed over the upper and lower medium Green's functions for the points within a radius of 2.0 free space wavelengths around the testing points. Within the domain of each pulse basis function, we use 25 points to perform numerical integration.
In Table III , the ocean rough surface is generated using 240 points/wavelength. Numerical simulations of scattering and emission are performed for one realization on the same profile from ten to 80 points per wavelength in the sparse grid.
rads/m, and rads/m. It is shown that results converge and accuracy requirement is satisfied with 40 points per wavelength discretization for TE polarization, while 80 points per wavelength are required for TM polarization.
In Table IV , is chosen to be 400 rads/m, 1000 rads/m, 4000 rads/m and 6000 rads/m with fixed rads/m. The electromagnetic wave-number-surface rms height products ( ) for these three cases were 0.311 30, 0.322 57, 0.324 04, and 0.324 06, respectively. Results show the importance of the Bragg scattering contribution to observed brightness temperatures and emissivities. We also list some results calculated by using the impedance boundary condition. Comparing the results in Tables V and IV , we find that good agreement is achieved between the results using the impedance boundary condition and the dual integral equation when is small. However, as and roughness of surfaces increase, the differences of the results between two methods become larger, especially for TE case, which can be found in Tables VI and VII. In Table VI , rms height and correlation length are used in the simulation with Gaussian spectrum. Table VII gives emissivities and brightness temperatures for fractal surfaces using the dual integral equation and the impedance boundary condition. For fractal surfaces, the number of tones ( ) is 100, and the fractal dimension is 1.5. The equivalent rms height is the same as that chosen in the ocean spectrum rads/m, and rads/m. Using the fractal surface, the surface currents in term of are plotted in Fig. 2 . It is found that there are some differences in the surface currents. As indicated in Table VII , the difference in emissivity between the dual integral equation and the impedance boundary condition is large for fractal surfaces.
VII. CONCLUSION
Accurate simulations for 2-D scattering problem are presented. To satisfy stringent accuracy requirements, near-field integration and fine discretization of surfaces are necessary for fine scale roughness. All numerical results are validated with an energy conservation check. Numerical results show the importance of the Bragg scattering contribution to brightness temperatures and emissivities for fine scale structures. It is also shown that the impedance boundary condition could give correct results for smooth rough surfaces. However, with the presence of fine scale structures with small radii of curvatures, impedance boundary conditions give errors in the emissivity for TE case. Chi-Te Chen (S'98) received the B.S. degree in electrical engineering from the National Taiwan University, Taipei, Taiwan, R.O.C., in 1994, and the M.S. degree from the University of Washington, Seattle, in 1996, where she is currently pursuing the Ph.D. degree.
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